In ovine and human pregnancy, fetal swallowing contributes importantly to amniotic fluid homeostasis. Fetal dipsogenic responsiveness to short-term plasma hyperosmolality develops in late gestation, although fetal swallowing is not stimulated in response to long-term plasma osmolality increases (2 to 3%), which typically stimulate adult drinking behavior. To explore the near-term fetal plasma osmolality threshold for swallowing stimulation, we examined the effects of i.v. hypertonic saline-induced subacute increases in plasma hypertonicity on fetal swallowing behavior. Central sites of activation were examined by c-fos expression in putative dipsogenic nuclei. The results demonstrate that subacute 2 to 3% plasma osmolality increases do not stimulate near-term ovine fetal swallowing. However, fetal swallowing activity significantly increased (3 times) after plasma osmolality increased Ͼ6% above basal values. Consistent with a specific dipsogenic response, i.v. hypertonic saline induced c-fos expression in the anterior third ventricle region, a putative dipsogenic center, as well as in the fetal hindbrain. The stimulation of fetal swallowing under conditions of higher osmotic stimulation and the correlation with forebrain c-fos expression indicates that near-term fetal osmoregulation mechanisms are functional, although not completely mature. Intravascular osmolality and body fluid homeostasis are maintained primarily by coordination of thirst-mediated drinking behavior and neuroendocrine-mediated renal fluid regulatory mechanisms. During in utero development, fetal swallowing contributes importantly to amniotic fluid volume homeostasis. Previous studies in this laboratory have demonstrated that near-term ovine fetal swallowing is stimulated by intravenous, intracarotid, and intracerebroventricular hyperosmolality (1-4), consistent with the activation of central osmoreceptors in regions responsive to both vascular and cerebrospinal fluid tonicity. Despite intact fetal osmotic-dipsogenic responsiveness, fetal swallowing is not stimulated in response to plasma osmolality increases (2 to 3%), which typically stimulate adult drinking behavior. For example, despite continually elevated plasma osmolality (10 -14 mosmol/kg) in response to short-term i.v. hypertonic saline injection, fetal swallowing activity is only stimulated for a maximum of 5 min (1). Furthermore, long-term increases in plasma osmolality of 10 mosmol/kg do not alter fetal swallowed volume (5). These responses suggest either a reduced population of fetal osmoreceptor cells, reduced sensitivity of osmoreceptors, or altered secondary neural mechanisms, in comparison to the adult. c-fos expression has been well described as a marker of neuronal activation in both adult and fetal brain nuclei (6). McDonald et al. (7) recently showed that FOS-ir was evident in the SFO, OVLT, and MnPO, as well as in the PVN and SON of the near-term fetal forebrain in response to maternal hypertonicity. These results are comparable to physiological and c-fos responses observed in adult animals (8 -11). In response 
Intravascular osmolality and body fluid homeostasis are maintained primarily by coordination of thirst-mediated drinking behavior and neuroendocrine-mediated renal fluid regulatory mechanisms. During in utero development, fetal swallowing contributes importantly to amniotic fluid volume homeostasis. Previous studies in this laboratory have demonstrated that near-term ovine fetal swallowing is stimulated by intravenous, intracarotid, and intracerebroventricular hyperosmolality (1) (2) (3) (4) , consistent with the activation of central osmoreceptors in regions responsive to both vascular and cerebrospinal fluid tonicity. Despite intact fetal osmotic-dipsogenic responsiveness, fetal swallowing is not stimulated in response to plasma osmolality increases (2 to 3%), which typically stimulate adult drinking behavior. For example, despite continually elevated plasma osmolality (10 -14 mosmol/kg) in response to short-term i.v. hypertonic saline injection, fetal swallowing activity is only stimulated for a maximum of 5 min (1). Furthermore, long-term increases in plasma osmolality of 10 mosmol/kg do not alter fetal swallowed volume (5) . These responses suggest either a reduced population of fetal osmoreceptor cells, reduced sensitivity of osmoreceptors, or altered secondary neural mechanisms, in comparison to the adult.
c-fos expression has been well described as a marker of neuronal activation in both adult and fetal brain nuclei (6) . McDonald et al. (7) recently showed that FOS-ir was evident in the SFO, OVLT, and MnPO, as well as in the PVN and SON of the near-term fetal forebrain in response to maternal hypertonicity. These results are comparable to physiological and c-fos responses observed in adult animals (8 -11) . In response to fetal intraperitoneal hypertonic saline, fetal FOS-ir responses to 10 mosmol/kg increases in plasma osmolality suggest that the elevated fetal plasma osmolality threshold (for swallowing stimulation) is not caused by reduced osmoreceptor populations or sensitivity (12) . However, stress and pain (potentially in response to intraperitoneal hypertonicity) may induce c-fos expression in similar areas as that induced by osmotic stimuli (e.g. PVN and SON) (13, 14) .
In the present study, we sought to examine the fetal plasma osmolality threshold for the stimulation of swallowing activity. To confirm a principal dipsogenic mechanism in the absence of an induced stress response, central sites of activation were examined by c-fos expression in forebrain dipsogenic nuclei and select hindbrain regions. The results provide important information for understanding the early development of the osmoregulatory mechanisms for body fluid homeostasis.
METHODS
Eleven time-dated pregnant ewes with singleton fetuses (130 Ϯ 2 d gestation on the study day) were used. Animals were housed in individual study cage and in a light-controlled room (12 h light/12 h dark) with food and water provided al libitum. The study was approved by our institution.
Surgical preparation. Anesthesia was induced with ketamine hydrochloride (20 mg/kg, intramuscular), and general anesthesia was maintained with 1 to 2% isoflurane and 1 L/min oxygen. Surgical placement of bipolar electromyography electrodes (thyrohyoid muscle, upper and lower nuchal esophagus) for determination of swallowing activity was performed as previously reported (15, 16) . Electrodes were also implanted on the parietal dura through two burr holes for the determination of fetal ECoG. Polyethylene catheters were placed in the femoral artery and vein and threaded to the inferior vena cava and abdominal aorta, respectively, for both fetus and ewe. An intrauterine catheter (Corometrics Medical System, Wallingford, CT, U.S.A.) was inserted for measuring amniotic fluid pressure. All catheters and electrodes were externalized to the maternal flank and placed in a cloth pouch. Animals recovered for 5 d after surgery, which included catheter maintenance and antibiotic administration.
Behavioral and physiological experiments. Animals were studied only if the fetal arterial pH Ͼ7.3. Studies began with a baseline period (Ϫ120 to 0 min) followed by the study period (0 to 160 min). There were two groups of animals (control, n ϭ 5; experimental, n ϭ 6). To minimize transplacental fluid alterations, the experimental study sought to increase both fetal and maternal plasma osmolality in parallel. Beginning at time 0, hypertonic saline (0.85 M NaCl) was infused i.v. into the maternal ewe and fetus (2.5 and 0.5 mL/min, respectively) for 60 min, after which the infusate was changed to 4 M NaCl for an additional 20 min (to achieve a further increase in plasma osmolality). For the control animals, isotonic (0.15 M) NaCl was infused i.v. into the maternal ewe and fetus (2.5 and 0.5 mL/min, respectively, for 60 min). After hypertonic and isotonic infusions, animals were continually observed for another 80 min.
Throughout the study maternal and fetal blood pressures and heart rates, amniotic fluid pressure, fetal swallowing activity, and ECoG were measured continuously. Maternal and fetal blood samples were collected at Ϫ60 and Ϫ30 min of the baseline period and at 15, 30, 60, and 100 min after initiation of the i.v. infusions. Fetal and maternal blood pressures and amniotic fluid pressure were measured by means of a Beckman R612 (Beckman Instruments, Fullerton, CA, U.S.A.) physiological recorder with Statham (Garret, CA, U.S.A.) P23 transducers. Fetal blood pressure was corrected for amniotic cavity pressure.
Maternal and fetal blood samples were collected into iced tubes containing lithium heparin. Blood aliquots were assessed for Hct, Hb, pH, PO 2 , and PCO 2 ; remaining blood was centrifuged, and plasma osmolality and sodium, chloride, and potassium concentrations were measured, as was AVP by immunoradioassay (AVP results reported separately). Fetal blood samples were replaced with an equivalent volume of heparinized maternal blood withdrawn before the study. Blood PO 2 , PCO 2 , and pH were measured at 39°C with a Radiometer BM 33 MK2-PHM 72 MKS acid-base analyzer system (Radiometer, Copenhagen, Denmark). Plasma osmolality was measured by freezing point depression on an Advanced Digimatic osmometer (model 3MO, Advanced Instruments, Needham Heights, MA, U.S.A.). Plasma sodium, potassium, and chloride concentrations were determined by a Nova 5 electrolyte analyzer (Nova Biomedical, Waltham, MA, U.S.A.).
Immunohistology experiments. At the end of the study, fetuses were perfused under ketamine anesthesia (20 mg/kg, intramuscular). All animals were perfused via the carotid artery with 0.01 M PBS followed by 4% paraformaldehyde in 0.1 M PB. Postfixation was performed in paraformaldehyde solution for 12-24 h, after which brains were placed in 20% sucrose in 0.01 M PBS overnight. Thirty-micrometer coronal sections of fetal brain were cut through the forebrain and hindbrain on a cryostat. Every other section of the OVLT, MnPO, and SFO and every third section of other parts of the forebrain were used for FOS-ir staining using avidin-biotin-peroxidase technique. The primary antibody (Santa Cruz Biotech, Santa Cruz, CA, U.S.A.) was raised from rabbits against FOS protein in cells. The tissue sections were incubated for 1 h at room temperature on a gentle shaker, then overnight at 4°C in the primary antibody (FOS antibody with 0.3% Triton X-100). The sections were further incubated in goat anti-rabbit serum (1:500) and then processed using the Vectastain ABC kit (Vector Labs, "Elite" ABC reagent, Burlingame, CA, U.S.A.). The sections were treated with 1 mg/mL diaminobenzidine tetrahydrochloride (Sigma Chemical Co., St. Louis, MO, U.S.A.). All sections were placed on gelatinized slides, dehydrated in alcohol, and then coverslipped.
Analysis. EMG signals were processed as previously described (17) . An EMG-propagated swallow, representing a coordinated laryngeal-esophageal contraction, was defined by a time sequence of integrated EMG signals from the thyrohyoid muscle to the upper and lower nuchal esophagus (17) . ECoG pattens were discriminated into HV and LV periods. Because fetal swallowing activity occurs predominantly during periods of LV ECoG activity (18), change in the relative 679 FETAL SWALLOWING AND C-FOS RESPONSE TO HYPERTONICITY duration of LV periods may influence the swallowing rate. Thus, swallowing data are presented as swallows per minute of LV ECoG activity. Fetal blood pressure was adjusted for amniotic fluid pressure.
The number of FOS-ir-positive cells in fetal brain sections was evaluated in a qualitative manner by microscopy analysis. In each control and experimental case, positive FOS-ir counting within the specified brain regions was the same as that reported previously (19) . The regions counted were the OVLT, MnPO, and SFO in the forebrain (results for SON and PVN reported separately) and the AP, NTS, and LPBN in the hindbrain.
Repeated measures ANOVA was used to determine differences as a function of time and effects of treatments. Comparisons before and after treatments were determined with oneway ANOVA followed by Scheffé's test or t test. All data are expressed as mean Ϯ SEM.
RESULTS

Plasma osmolality, electrolytes, basal arterial values, and cardiovascular responses.
Eleven animals successfully completed the study; in one animal, the arterial catheter for measuring blood pressure was nonfunctional. For the control group, i.v. 0.15 M NaCl had no effect on either maternal or fetal plasma osmolality, Na ϩ , K ϩ , and Cl Ϫ concentrations, or arterial blood pH, blood gases, Hb, and Hct (Tables 1 and 2) . However, the analysis demonstrated a significant difference in the plasma osmolality and Na ϩ responses between the control and treated animals (F 8,1 ϭ 49.5 and 8.25, p Ͻ 0.01 and 0.05, respectively). In the experimental animals, fetal plasma osmolality and sodium concentration increased slightly, although not significantly, at 30 min of the 0.85 M NaCl infusion with a significant increase demonstrated at 60 min (311 Ϯ 2 to 318 Ϯ 6 mosmol/kg, 147 Ϯ 1 to 151 Ϯ 3 mEq/L, respectively) and a further increase in response to the 20-min infusion of 4 M NaCl (334 Ϯ 3 mosmol/kg, 163 Ϯ 1 mEq/L, respectively; F 19,4 ϭ 15.19, p Ͻ 0.01; Table 3 ). Consistent with the study objectives, maternal plasma osmolality and Na ϩ concentration also significantly increased at 60 and 100 min of the study (F 19,4 ϭ 8.3 and 23.7, p Ͻ 0.01; Table 4 ). Maternal and fetal blood pH, PO 2 , PCO 2 , and Hct were not changed in response to the hypertonic saline infusions (Tables 3 and 4) . Fetal arterial blood pressure or heart rate was not significantly changed in response to isotonic and hypertonic saline infusions (Table 5) . Maternal plasma AVP significantly increased (0.9 Ϯ 0.2 to 5.4 Ϯ 1.4 pg/mL, F 18,4 ϭ 8.7, p Ͻ 0.01) at 60 min after infusion of hypertonic NaCl, in association with a 2 to 3% increase of maternal plasma osmolality. Fetal plasma AVP did not change at 60 min of NaCl infusion (0.9 Ϯ 0.1 to 1.8 Ϯ 0.5 pg/mL, NS), despite an approximately 5% increase of fetal plasma osmolality.
ECoG and swallowing EMG activity. There was no difference in the percentage of LV ECoG between control and treated groups (F 8,1 ϭ 0.47, NS). For animals infused with hypertonic saline, percent time in fetal LV ECoG (50.4 Ϯ 7.7%) did not change in response to infusions of 0.85 M or 4 M hypertonic NaCl (F 13,2 ϭ 0.04, NS; Fig. 1 ). For the control animals, no significant difference for LV ECoG was observed before and after i.v. infusion of 0.15 M NaCl (Fig. 1) . However, fetal swallowing responses were significantly different between control and treated fetal ovines (F 8 Fig. 2 ). There was no change in swallowing activity during the control study.
FOS-ir.
There was little FOS-ir in the forebrain structures among the control fetuses. Intravenous hypertonic saline produced intense FOS-ir in the fetal basal forebrain. The areas of strongest FOS-ir staining included the OVLT and MnPO. There were significant differences of FOS-ir between control and hypertonic NaCl-infused fetuses (OVLT, t ϭ 12.1; ventral MnPO, t ϭ 7.09; dorsal MnPO, t ϭ 6.06, all p Ͻ 0.01; Figs. 3 and 4). FOS-ir was distributed throughout the OVLT and the MnPO. FOS-ir also was increased in the SFO in hypertonic compared with isotonic treated fetuses (t ϭ 2.96, p Ͻ 0.05). In the hypothalamus, FOS-ir was increased after infusion of hypertonic saline in the SON and PVN.
In the hindbrain, no or very little FOS-ir was observed in the LPBN, AP, and NTS in isotonic saline-treated fetuses. However, hypertonic saline fetuses demonstrated significantly increased FOS-ir in the LPBN (t ϭ 7.45, p Ͻ 0.01), AP (t ϭ 4.36, p Ͻ 0.01), and rostral and caudal NTS (t ϭ 6.46 and 2.83, p Ͻ 0.01 and 0.05, respectively). FOS-ir was also observed in the commissural NTS in the fetuses infused with hypertonic saline (Fig. 5) .
DISCUSSION
The results of the present study indicate that near-term fetal swallowing can be stimulated only by relatively higher plasma hypertonicity than that required by adult animals. Furthermore, despite the higher threshold requirements, cellular activation in response to osmotic stimulation occurs in both fetal forebrain and hindbrain structures. Previous studies in adult animals have confirmed the importance of the anterior third ventricle region for detecting plasma hyperosmolality and mediating compensatory thirst and AVP secretion (20 -23). As noted above, only a 2 to 3% increase in plasma osmolality is required to induce water intake in multiple adult species (24, 25) , including sheep and humans (26, 27) . In the present study, infusion of 0.85 M hypertonic NaCl increased both maternal and fetal plasma osmolality. Extrapolating from time 0 to 60 min, the average fetal osmolality during this period was approximately 310 mosmol/kg. Despite this average 3% increase, there was no effect on fetal swallowing activity. These results are consistent with our previous studies suggesting that either short-or long-term 10 mosmol/kg plasma osmolality increases do not alter fetal swallowing (1, 5, 28). However, plasma osmolality increases of approximately 30 mosmol/kg, or approximately 10% of basal values, resulted in a 3-fold increase in fetal swallowing activity. As the percentage of LV ECoG activity did not change in response to hypertonic saline infusion, the effects of plasma hypertonicity were independent of fetal neurobehavioral effects. These results suggest that the threshold for systemic osmotic stimulation in the ovine fetus at 90% gestation is relatively higher than that for mature animals, and the osmoregulation mechanisms in the ovine fetus near-term are either incompletely developed, or inhibited in utero.
Osmotic dipsogenic and AVP secretory responses may be modified by intravascular volume alterations. In preliminary studies (data not shown), we noted that fetal i.v. hypertonic saline infusions resulted in a marked decrease in fetal Hct, likely evidence of fetal plasma volume expansion resulting, in part, from increased maternal to fetal water flow in response to the altered transplacental osmotic gradient (29) . So as not to obtund the fetal dipsogenic response with plasma volume 681 expansion, the present study design included simultaneous hypertonic saline infusions to the maternal ewe and fetus. Although fetal plasma osmolality increased to a greater degree, the increased maternal plasma osmolality markedly reduced the effective placental osmotic gradient. Although fetal interstitial to intravascular water flow also may occur in response to plasma hypertonicity, fetal Hct decreased only minimally during the hypertonic infusions. The nonsignificant trend toward reduced Hct may be a reflection of red blood cell shrinkage in response to plasma hypertonicity. Fetal Hb did not change during the hypertonic infusions, suggesting that fetal plasma volume remained relatively unchanged during the study, probably because of the duel maternal and fetal infusions. In recognition of the stable fetal arterial blood pressure and heart rate, and the aforementioned Hb levels, these results suggest that intravascular volume changes and volume-related baroreflex effects on dipsogenic response and neuron activity in the fetal brain were very limited. Thus, fetal dipsogenic and cellular responses were likely a reflection of primary osmotic effects.
Previous studies have suggested that plasma hypertonicity induces FOS-ir in the forebrain of the near-term ovine fetus (12) . However, in one study (7) fetal plasma composition changes were not quantified, and maternal mannitol-induced plasma hypertonicity may have induced fetal plasma volume contraction, contributing to central dipsogenic stimulation. In a subsequent study (12) , pain or stress from intraperitoneal fetal hypertonic injections may have induced central c-fos expression (13, 14) . Notably, neither of the previous studies simultaneously confirmed fetal swallowing activity in relation to c-fos expression. To avoid potential nonspecific c-fos stimulation, the present study infused hypertonic saline i.v. into the fetus. The cellular activity marked by FOS-ir in putative central osmoreceptor areas (OVLT, MnPO, and SFO) (10, 30) and the demonstration of stimulated swallowing activity are evidence that central integrative areas for dipsogenic mechanisms were excited by i.v. hypertonic saline.
It is noted that c-fos expression requires a period up to 30 min after a given stimuli. As neural responses are within a time base of milliseconds to seconds with subsequent fast modulation of swallowing behavior, the FOS-ir results in the present study do not suggest a functional relation in time course between c-fos expression and fetal swallow. However, neural activation labeled by FOS-ir in the dipsogenic nuclei indicates that osmosensitive centers were activated under stimulation of hypertonicity.
In addition to the quantitative analysis of FOS-ir, the distribution pattern of FOS-ir within the activated cells of the anterior third ventricle region was notable. Excited cells in the MnPO showed a widespread pattern of FOS-ir distribution within the nuclei, similar to that observed in adult animals (9 -11) . However, the fetal OVLT also demonstrated a widespread distribution pattern throughout the nuclei, whereas previous studies of adult rats indicate OVLT c-fos expression primarily localized to the dorsal part of this area, in response to 682 hypertonicity (10, 23) . The diffuse OVLT ovine fetal response is consistent with our recent finding in the near-term rat fetal brain (31) . These regional differences in cellular activity between the fetus and adult may suggest the possibility of species differences between sheep or rat or that fetal OVLT osmoreceptors have not completely finished their development, with osmosensitive components either losing osmotic responsiveness or, perhaps less likely, migrating to other regions later. However, the absence of fetal swallowing stimulation and the previously demonstrated lack of fetal AVP response at plasma osmolality increases of approximately 5% by hypertonic saline infusion (31) may suggest a downstream neural and synaptic immaturity in fetal sheep.
In the present study, we also examined the fetal hindbrain under condition of hypertonicity. Although the precise function of the hindbrain in control of dipsogenic behavior is not clear, systemic hyperosmolality induces c-fos expression in the adult AP, NTS, and LPBN (32), suggesting a role in the control of body fluid homeostasis. In rats, lesions of the AP and the adjacent caudal NTS, or destruction of bilateral LPBN, to which the AP and NTS have substantial secondary projections, results in large increases in water and salt intake in response to angiotensin II, compared with control animals (25, (33) (34) (35) . From these observations, it has been hypothesized that AP-NTS-LBPN systems comprise inhibitory mechanisms for dipsogenic responses. However, drinking was not altered in AP, NTS, or LPBN lesioned rats by systemic hypertonic saline (33, 34) . Induced c-fos expression in the NTS by systemic hyperosmolality is correlated with vagally mediated gastric emptying (36) . Thus, the NTS has been suggested to play a role in taste and visceral sensory information. Hindbrain activation also may be related to cardiovascular responses as adult baroreflex cardiovascular activity may induce cellular activation and c-fos expression in the NTS and LPBN. As systemic administration of hypertonic saline may change blood pressure, heart rate, and circulation volume (37) (38) (39) , it remains uncertain whether hindbrain responses are secondary to dipsogenic or cardiovascular responses. In the present study, fetal systolic, diastolic, and mean arterial pressure and heart rate did not change significantly. Thus, it is unlikely that NTS activation 
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FETAL SWALLOWING AND C-FOS RESPONSE TO HYPERTONICITY was mediated by a fetal arterial baroreceptor reflex. Rinaman et al. (19) recently reported that s.c. hypertonic NaCl induced a similar pattern of c-fos expression in the forebrain of adult and 2-d-old neonatal rats. However, adult, although not neonatal, rats expressed FOS-ir in the AP, the LPBN, and the medial NTS (19) . The present study demonstrated significant FOS induction in the ovine fetal hindbrain. Differences in species and levels of hypertonicity may explain the paradox between the present findings and previous results (19) . To our knowledge, this is the first study demonstrating hypertonicity not only induces c-fos expression in the forebrain, but also in the LPBN, AP, and NTS of the fetal hindbrain. However, without quantitative and detailed analysis on both adult and fetal animals under the same experimental condition, we cannot conclude that the fetal hindbrain sensitivity and c-fos responses are identical to those of adults. Nevertheless, these results indicate that the near-term ovine fetal hindbrain is able to respond to osmotic stimulation.
In conclusion, this study demonstrates that higher levels of systemic hypertonicity (Ͼ2 to 3% change of plasma osmolality) are required to evoke near-term fetal swallowing. The behavioral response is specific to dipsogenic mechanisms as confirmed by c-fos expression in dipsogenic neural centers including the OVLT and MnPO. Fetal behavioral and cellular responses to intracellular dehydration suggest that the mechanisms for control of body fluid regulation at 0.9 ovine gestation has developed to a relatively intact, but not completely mature, stage. In addition, this study is the first to demonstrate that i.v. hypertonicity, without the influence of stress or cardiovascular alterations, can induce c-fos expression in the hindbrain AP, NTS, and LPBN. Together, this study provides evidence that osmoregulatory mechanisms function in the near-term ovine fetus. 
